
J. Sep. Sci. 2005, 28, 627–634 www.jss-journal.de i 2005WILEY-VCH Verlag GmbH&Co. KGaA,Weinheim

O
ri
g
in
al

P
ap

er

Cirilli, Ferretti, Gallinella, La Torre, La Regina, Silvestri 627

Roberto Cirilli1

Rosella Ferretti1

Bruno Gallinella1

Francesco La Torre1

Giuseppe La Regina2

Romano Silvestri2

1Dipartimento del Farmaco,
Istituto Superiore di Sanit�, Viale
Regina Elena 299, I-00161
Roma, Italy

2Dipartimento di Studi
Farmaceutici, Universit� di Roma
“La Sapienza”, Piazzale Aldo
Moro 5, I-000185 Roma, Italy

Comparative study between the polysaccharide-
based Chiralcel OJ and Chiralcel ODCSPs in
chromatographic enantioseparation of imidazole
analogues of Fluoxetine andMiconazole

The enantiomeric separation of a series of imidazole analogues of Fluoxetine and
Miconazole endowed with potent antifungal activity was performed using cellulose
tris(4-methylbenzoate) (Chiralcel OJ) and cellulose tris(3,5-dimethylphenylcarba-
mate) (Chiralcel OD) as chiral stationary phases. Binary mixtures of n-hexane and
alcohol as well as pure alcohols (ethanol or 2-propanol) were used as eluents. The
enantiomer elution order was monitored by chiroptical detectors based on on-line
optical rotation and circular dichroism measurements. For some of the compounds
studied very high enantioseparation factor values (a A 7) on Chiralcel OJ CSP were
observed. In order to study the chiroptical characteristics of the two most biologically
active compounds, chromatographic resolutions were carried out on a semiprepara-
tive scale. Assignment of the absolute configuration was empirically established by
comparing the CD spectra of the separated enantiomers with those obtained from the
enantiomers of Miconazole.
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1 Introduction

It is widely known that individual enantiomers of chiral
drugs can have very different pharmacological and toxico-
logical activities. This has led to an increased demand for
chiral pharmaceuticals as pure enantiomers and more
stringent rules for chiral analysis by regulatory agen-
cies [1].

In the last two decades, the chiral HPLC method has
attained increasing prominence in the direct analytical
and preparative separation of enantiomers. The reasons
for this popularity are to be found in the inherent advan-
tages of the chromatographic method (rapid analysis,
reproducibility, flexibility) and in the growing development
and commercialisation of new chiral stationary phases.
Nowadays, approximately 170 chiral stationary phases
are commercially available [2]. The wide spectrum of sui-
table chiral selectors include very different molecular spe-
cies such as amino acid derivatives [3–5], crown ethers
[6], cyclodextrins [7], glycopeptides [8], proteins [9], and
synthetic [10] andmodified natural polymers [11].

Polysaccharide-based CSPs coated onto a silica support,
originally introduced by Shibata et al. [12] and Oka-
moto [13–15], are semisynthetic polymers substantially
obtained by conversion of alcoholic groups of monosac-
charide units into arylcarboxylate or arylcarbamate moi-
eties. Among the numerous derivatives of natural poly-
saccharides synthesised, cellulose tris(4-methylbenzo-
ate) (Chiralcel OJ) and cellulose tris(3,5-dimethylphenyl-
carbamate) (Chiralcel OD) represent two of the most
effective chiral selectors for HPLC because of their excel-
lent resolving ability for a wide variety of chiral compounds
of pharmaceutical and synthetic interest [16–19].

In the present study, we report on the enantiodiscriminat-
ing capability of OJ and OD CSPs towards a set of novel
racemic compounds 3–10 endowed with potent antifun-
gal activity, imidazole analogues of the antidepressant
agent Fluoxetine [20] and the antifungal agent Miconazole
(Figure 1, compounds 1and 2) [21–23]. In this context,
the influence of structural features of the selectands and
of the selectors on enantioselectivity is discussed. The
chiral resolving ability of both cellulose-based CSPs was
apparent in the presence of typical normal-phase n-hex-
ane-alcohol mixtures or pure alcohols (ethanol or 2-propa-
nol) used as eluents. The enantiomer elution order was
monitored by chiroptical detectors based on on-line opti-
cal rotation (OR) or circular dichroism (CD) measure-
ments.
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Two of the most biologically active compounds (com-
pounds 4 and 7) and compound 2 (Figure 1) were resolved
onasemipreparative scale byusingChiralcelODandChir-
alcel OJ asCSPs. The chiroptical properties of the isolated
enantiomers were determined. The absolute configuration
of stereoisomers of the analyte 4was empirically assigned
by comparing their CD spectra with those of stereoisomers
of the structural analogueMiconazole.

2 Experimental

2.1 Chemicals

Compounds 3–10 have been previously synthe-
sised [20]. All compounds were dissolved in ethanol in a
concentration of about 0.4 mg/mL. Ethanol and n-hexane
were purchased from Merck (Darmstadt, Germany), 2-
propanol was obtained from Panreac (Barcelona, Spain).
DEA was obtained from Aldrich (Gillingham, UK). All
reagents were HPLC grade. (– )-(R)- and (+)-(S)-Fluoxe-
tine hydrochloride, and the hold-up time marker 1,3,5-tri-
tert-butylbenzene were purchased from Sigma (St. Louis,
MO, USA); Miconazole base was kindly supplied by Jans-
sen-Cilag S.p.A. (Milano, Italy).

2.2 Chromatographic conditions

About 20 lL of each of the solutions was injected onto a
HPLC system consisting of a LabService Analytica sol-
vent delivery pump (Model LabFlow 3000), a Rheodyne
injector (Cotati, CA) with a 20 lL loop, a Jasco CD 2095
Plus Model chiroptical detector (Japan Spectroscopy,

Tokyo, Japan). The columns used were Chiralcel OJ (cel-
lulose tris-4-methylbenzoate, 10 lm, 25064.6 mm and
250610 mm ID) and Chiralcel OD (cellulose tris-3,5-
dimethylphenylcarbamate, 10 lm, 25064.6 mm ID and
250610 mm ID); they were obtained from Daicel Chemi-
cal Industries, Tokyo, Japan. The mobile phases used in
this study were: n-hexane/2-propanol/DEA and n-hexane/
ethanol/DEA (50:50 :0.1 and 70:30:0.1, v/v/v), 2-propa-
nol/DEA and ethanol/DEA (100 :0.1, v/v). The mobile
phases were filtered through a Millipore membrane filter
(0.45 lm) Millipore (Yonezawa, Japan) and degassed
before use. The flow rate of the mobile phase was 1 mL/
min with the normal phase eluents, 0.3 and 0.5 mL/min in
the polar organic conditions. Chromatographic signals
were collected using UV and CD detectors both operating
at the analytical wavelength of 280 nm.

Semipreparative enantioseparations of 2, 4, and 7 were
performed by using a Perkin Elmer pump (Model 410, Per-
kin-Elmer, Norwalk, CT, USA), a Waters Model 484 tune-
able absorbance detector, operating at 300 and 310 nm, a
Rheodyne injector (Cotati, CA) with a 2 mL loop. The sig-
nal was acquired and processed by Millennium 2010 soft-
ware. The mobile phase used was ethanol/DEA (100:0.1,
v/v). The flow rate was 2 mL/min. The semipreparative
column was loaded with 1000 lL of solutions of 10 mg/mL
of each compound. After each semipreparative chromato-
graphic run, fractions corresponding to the single enantio-
mers were pooled and evaporated. The collected fractions
of the single enantiomers were analysed on a chiral analy-
tical OJ or OD column to determine their enantiomeric
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Figure 1. Structures of the chiral analytes 1–10.
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excess (e.e.). The enantiomer elution order of 4 and 7 on
both OD and OJ CSPs was monitored by a Perkin Elmer
Model 241 polarimeter (Norwalk, CT, USA) equipped with
Hg/Na lamps and a 40 lL flow cell.

All the experiments were carried out at 258C. A Perkin-
Elmer 101 LC Oven (Norwalk, CT, USA) controlled the
column temperature.

2.3 Equipment

Specific rotations of the single enantiomers obtained by
semipreparative chromatography of compounds 2, 4, and
7, and dissolved in ethanol, were measured on a Perkin-
Elmer 241 polarimeter equipped with a Na lamp operating
at 589 nm. The volume of the measuring cell was 1 mL
and the length of the optical path 10 cm. The system was
thermostated at 238C.

CD spectra were recorded on a Jasco J-710 spectropo-
larimeter (Japan Spectroscopic, Tokyo, Japan) using a
1 cm quartz cell. CD measurements were performed by
using samples dissolved in ethanol at a concentration of
about 0.1 mg/mL. The system was thermostated at 258C.

3 Results and discussion

3.1 Chromatographic enantioseparation of
compounds 1–10

Figure 1 shows the structures of the novel azole antifungal
agents 3–10. They were obtained by replacing the meth-

ylamino moiety of the aminopropane chain of Fluoxetine
(compound 1) with an imidazole (compounds 3–7, 9, and
10) or a triazole (compound 8) ring. Furthermore, different
substituents were introduced in the phenyl and phenoxy
groups of the reference Fluoxetine. Enantiomeric separa-
tions of 1–10 were performed on two cellulose-based
Chiralcel OD and Chiralcel OJ CSPs by using normal-
phase n-hexane-alcohol mixtures or pure alcohols, con-
taining 0.1% of DEA, as eluents. Table 1 and Table 2
summarise the chromatographic results obtained.

Inspection of Table 1 reveals the high chiral recognition
ability of the OJ CSP towards the analytes investigated, in
both normal phase and polar organic modes. Thus,
among 10 chiral analytes only Fluoexetine was not
resolved at all and good enantioseparations could be
observed for the other ones (a A 1.15), under at least one
of set of conditions employed.

Ethanol to which DEA had been added was, in general,
the most suitable mobile phase. Thus, for example, com-
pound 4 was not resolved when 2-propanol was used in
admixture with n-hexane and DEA, while an enantioselec-
tivity factor value of 1.50 was observed in the presence of
the n-hexane-ethanol-DEA mixture. Exceptions were
represented by compounds 5 and 8 which were better
resolved in n-hexane-2-propanol (a = 1.29 and 1.64) and
in pure 2-propanol eluent (a = 1.23 and 1.40) than in n-
hexane-ethanol (a = 1 and 1.43) or in pure ethanol
(a = 1.19 and 1.31). Three out of the ten analytes (com-
pounds 6, 7, and 9) were separated with large enantiose-
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Table 1. Capacity factors (k), selectivity factors (a),and resolution factors (Rs) for the compounds investigated 1–10 obtained on
Chiralcel OJ (25064.6 mm ID) using n-hexane/2-propanol/DEA (A) and n-hexane/ethanol/DEA (B) (50 :50 :0.1, v/v/v), 2-propa-
nol/DEA (C) and ethanol/DEA (D) (100 :0.1, v/v) as mobile phases with 1 mL/min (A and B), 0.3 mL/min (C) and 0.5 mL/min (D)
flow rates. UV and CD detectors at 280 nm; temperature 258C.

Com-
pound

Eluent A Eluent B Eluent C Eluent D

k1a) ab) Rs
c) k1 a Rs k1 a Rs k1 a Rs

1 1.84d) 1 nr 1.70e) 1.00 nr 0.16 1.00 nr 0.07 1.00 nr

2 1.81 (+)f 1.28 1.62 0.93 (+) 1.93 5.06 2.22 (+) 1.23 1.22 1.06 (+) 1.80 4.74

3 5.02 (+) 1.65 2.08 2.03 (+) 2.49 6.17 1.53 (+) 1.94 3.27 0.86 (+) 2.64 4.76

4 2.86 1 nr 1.06 (– ) 1.50 2.96 1.16 (– ) 1.21 0.87 0.77 (– ) 1.60 2.25

5 4.44 (– ) 1.29 1.19 2.30 1.00 nr 0.44 (– ) 1.23 0.88 1.24 (+) 1.19 1.24

6 5.38 (– ) 8.46 7.86 2.24 (– ) 8.71 21.30 3.30 (– ) 7.95 8.57 1.46 (– ) 9.86 32.76

7 5.24 (– ) 9.81 6.85 2.22 (– ) 8.79 20.92 3.28 (– ) 8.12 8.89 1.46 (– ) 10.06 26.69

8 2.23 (+) 1.64 2.98 0.97 (+) 1.43 2.30 1.48 (+) 1.40 1.08 0.69 (+) 1.31 1.20

9 3.29 (– ) 5.32 5.68 1.10 (– ) 6.31 18.87 2.34 (– ) 4.42 4.33 0.67 (– ) 7.24 19.02

10 1.90 1 nr 0.66 (– ) 1.24 1.08 0.83 1.00 nr 0.51 (– ) 1.15 0.74

a) Retention factor for the first eluting enantiomer.
b) Enantioselectivity factor.
c) Resolution factor.
d) Eluent: n-hexane/2-propanol/DEA (98.5 :1.5 :0.1, v/v/v); flow rate: 1 mL/min.
e) Eluent: n-hexane/ethanol/DEA (98.5 :1.5 :0.1, v/v/v); flow rate: 1 mL/min.
f) Sign of circular dichroism-based detector at 280 nm.
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paration factors in all conditions used, especially in pure
ethanol eluent (a A 7).

The enantioseparation abilities of Chiralcel OD CSP
appeared to be in many cases complementary with
respect to the analogous cellulose-based OJ CSP. Thus,
for instance, compound 4 was not separated on the Chir-
alcel OJ CSP with a mixture of n-hexane-2-propanol as
eluent, while good enantioselectivity factors were
obtained in all the tested conditions when a Chiralcel OD
column was used as stationary phase (see Table 2). On
the contrary, compound 2was well separated on Chiralcel
OJ CSP under all the conditions tested, with enantioselec-
tivity factors ranging from 1.23 to 1.93, but only with a mix-
ture of n-hexane-ethanol (a = 1.22) on Chiralcel OD CSP.
Fluoxetine (compound 1) was not enantioselectively
recognised under polar organic conditions and in mixture
n-hexane-2-propanol, while a slight enantioseparation
was observed in presence of n-hexane-ethanol-DEA elu-
ent. Compound 5, not resolved on the Chiralcel OJ col-
umn in combination with a mixture of n-hexane-ethanol,
was resolved with a good enantioseparation factor
(a = 1.81) on the Chiralcel OD column. A higher enantios-
electivity factor was obtained for the same compound
when ethanol was used as eluent (a = 3.85). No enantio-
meric separation of compound 10 was obtained with a
combination CSP-eluent OJ-2-propanol, while total reso-
lution was observed on replacing the ester-type OJ CSP
with the carbamate-type ODCSP.

On following the comparative study between the two cellu-
lose-based CSPs employed, it emerges that although
Chiralcel OD allowed the resolution of all analytes, in
some circumstances lower enantioselectivity factors were
achieved than on the OJ CSP. Thus, for compounds 6, 7,
and 9 a values ranged from 4.42 to 10.06 on Chiralcel OJ
CSP (Table 1) and from 1.30 to 1.49 on Chiralcel OD CSP
(Table 2). Representative chromatograms of compound 6
on both Chiralcel OJ and Chiralcel OD CSPs are shown in
Figure 2.

The distinctive chiral recognition ability of cellulose based
CSPs depends on the structural features of polymeric
selectors. X-ray and NMR analysis [24–25] and computa-
tional simulations [14, 26] have clarified that the tris(phe-
nylcarbamate) of cellulose has a left-handed 3/2 helical
conformation and the glucose moieties are regularly
arranged along the helical axis. The chiral recognition abil-
ity of cellulose derivatives has been attributed to the
degree of insertion of the enantiomers in the chiral cavities
of the CSP.

The most important adsorbing sites for chiral recognition
on arylcarbamate and alkylbenzoate derivatives of cellu-
lose are probably the polar carbamate and ester moieties,
respectively. These residues are both capable of interact-
ing with enantiomers through hydrogen bonding: the car-
bamate-derivative OD with donor hydrogen bonding NH
groups and acceptor hydrogen bonding C2O groups,
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Table 2. Capacity factors (k), selectivity factors (a) and resolution factors (Rs) for the compounds investigated 1–10 obtained on
Chiralcel OD (25064.6 mm ID) using n-hexane/2-propanol/DEA (A) and n-hexane/ethanol/DEA (B) (50 :50 :0.1, v/v/v), 2-propa-
nol/DEA (C) and ethanol/DEA (D) (100 :0.1, v/v) as mobile phases with 1 mL/min (A and B), 0.3 mL/min (C), and 0.5 mL/min (D)
flow rates. UV and CD detectors at 280 nm; temperature 258C.

Com-
pound

Eluent A Eluent B Eluent C Eluent D

k1a) ab) Rs
c) k1 a Rs k1 a Rs k1 a Rs

1 4.00d 1.00 nr 1.94(+)e, f) 1.06 0.70 0.32 1.00 nr 0.27 1.00 nr

2 1.08 1.00 nr 0.81 (– ) 1.22 1.45 1.60 1.00 nr 0.60 1.00 nr

3 7.21 (– ) 1.82 4.37 2.79 (– ) 1.59 4.13 1.81 (– ) 1.46 2.92 0.63 (– ) 1.56 2.40

4 4.11 (+) 2.41 7.19 1.69 (+) 2.52 3.98 8.52 (+) 1.53 4.96 0.68 (+) 2.10 4.57

5 4.04 (– ) 1.83 5.24 1.56 (– ) 1.81 5.11 7.12 (– ) 1.33 3.24 0.14 (– ) 3.85 8.84

6 4.41 (+) 1.34 2.81 1.73 (+) 1.36 2.48 1.62 (+) 1.33 2.58 0.66 (+) 1.45 2.20

7 4.42 (+) 1.39 2.51 1.75 (+) 1.40 1.85 1.62 (+) 1.34 2.58 0.65 (+) 1.45 2.15

8 3.86 (+) 1.72 4.43 1.81 (+) 2.12 3.54 1.70 (+) 1.53 3.01 0.65 (+) 1.86 3.21

9 3.51 (+) 1.44 3.33 1.68 (+) 1.49 3.03 1.38 (+) 1.30 2.12 0.55 (+) 1.47 1.94

10 3.56 (– ) 1.20 1.24 1.35 (– ) 1.29 1.79 1.10 (– ) 2.04 5.20 0.44 (+) 2.19 5.67

a) Retention factor for the first eluting enantiomer.
b) Enantioselectivity factor.
c) Resolution factor.
d) Eluent: n-hexane/2-propanol/DEA (98.5 :1.5 :0.1, v/v/v); flow rate: 1 mL/min.
e) Eluent: n-hexane/ethanol/DEA (98.5 :1.5 :0.1, v/v/v); flow rate: 1 mL/min.
f) Sign of circular dichroism-based detector at 280 nm.
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while the corresponding benzoate-derived OJ only with
acceptor hydrogen bonding C2O groups.

The enantioseparation process involves the sum of multi-
variate and synchronous interactions between selectand
and active sites of polymeric chiral stationary. Besides
hydrogen bonding, dipole-dipole interactions, p-p interac-
tions, and steric repulsion are strictly involved in the stabi-
lity of transient selectand-selector complexes [13, 16].

The intermolecular forces involved in the chiral recogni-
tion mechanism depend not only on the nature of the sta-
tionary phase but also on the nature of analyte. Com-
pounds 2–10, not being capable of forming hydrogen
bond, interact with the multiple sites of OJ CSP through
alternative interactions.

This distinction seems to induce a different chiral recogni-
tion ability between OD and OJ CSPs in normal phase
and polar organic conditions.

Alteration of number, nature, and position of substituents
in the phenyl ring and phenoxy group leads to differences
in electronic density and accessibility to analytes of the
chiral grooves of the CSPs.

On replacing the electron-withdrawing group CF3 (com-
pound 6) by an electron-pushing group CH3 (compound
7), no significant alteration in chiral recognition ability of
OJ CSP was observed. In contrast, the substitution of the
CF3 moiety by a NO2 group (compound 3) or the insertion
of a second substituent on the same aryloxy group (com-
pounds 4 and 5) produced a consistent lowering in enan-
tioselectivity.

Compound 10 differs from compound 4 in the insertion of
a chlorine atom on the phenyl ring. On the Chiralcel OJ

column, the enantiomers of compound 4 were separated
with enantioselectivity factors of 1.21 and 1.60, in the pre-
sence of 2-propanol and ethanol with added DEA, respec-
tively. On using the same CSP-eluent combinations, com-
pound 10 was not resolved in the presence of 2-propanol
and a lower enantioselectivity (a = 1.15) was obtained in
presence of ethanol.

The OD CSP was more effective in the resolution of com-
pound 10 with respect to 4 when polar organic eluents
were used (a = 2.04 and 2.19 for compound 10 versus
1.53 and 2.10 for compound 4), but less effective when
used with normal phase eluents (a = 1.20 and 1.29 for
compound 10 and 2.41 and 2.52 for compound 4).

This probably means that the enantioseparation factors of
1–10 obtained on both cellulose-based CSPs are not
influenced by p-p interactions between aryl or aryloxy moi-
eties of solute and 3,5-dimethyl group of selector, but
other forces may play a more important role in the forma-
tion of the analyte-CSP complex.

It appears interesting to note that a consistent increase in
retention on both cellulose-based CSPs was achieved by
replacing the methylamino moiety of the aminopropane
chain of Fluoxetine with an azole group (Table 1 and
Table 2). The longer interaction of the azole derivatives
relative to Fluoxetine was followed by an improvement in
chiral recognition. Thus, the enantiomers of Fluoxetine
were poorly stereoselectively recognised by OD CSP,
while both cellulose-based CSPs demonstrated a high
enantiomer resolving ability for compounds 2–10. This
finding led to identification of the electron-rich azole moi-
ety as an important site for the enantiorecognition
mechanism.

As shown in Table 1 and Table 2, the alcohol (ethanol or
2-propanol) used in normal phase and polar organic elu-
ents had in the same cases (Table 1 and Table 2, com-
pounds 4, 5, and 10) a noticeable influence on the chiral
selectivity of polysaccharide-based CSPs.

These data support the argument that different alcohols
can induce a peculiar CSP structural variation and conse-
quently can provide different chiral selectivity for an enan-
tiomeric pair [27].

The chiral recognition ability of polysaccharide-based
CSPs is generally thought of as the consequence of the
formation of CSP-solute complexes, whose stability
depends on the degree of inclusion of the enantiomers in
the chiral cavities of the higher order structure of the CSP.
The difference in properties between ethanol and 2-pro-
panol (such as solvating capacity towards the CSP and
analyte, degree of incorporation into the CSP) may lead to
a different stereo environment of the chiral cavities in the
CSP and significantly influence the inclusion process of
enantiomers.
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Figure 2. Chromatograms of compound 6 with UV (280 nm)
(top) and CD (280 nm) (bottom) detection. Left: Column:
Chiralcel OD (25064.6 mm ID); eluent: ethanol/DEA
(100 :0.1, v/v); flow rate: 0.5 mL/min; column temperature:
258C. Right: Column: Chiralcel OJ (25064.6 mm ID); eluent:
ethanol/DEA (100 :0.1, v/v); flow rate: 0.5 mL/min; column
temperature: 258C.
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3.2 Semipreparative enantioseparation of
2, 4, and 7

The preparative chromatographic resolution of racemic
mixtures is becoming a standard approach to obtain indi-
vidual enantiomers in high purity. Generally, the coated
polysaccharide-based chiral stationary phases need
hydrocarbon-alcohol mixtures or pure polar solvents as
mobile phase. In this work we used polar organic condi-
tions with the aim of increasing the solubility of racemates
and shorting the analysis times, requirements which are
very important especially for high throughput separations
in pharmaceutical analysis [28–30].

Two of the most biologically active compounds (com-
pounds 4 and 7) [20] of the presented series of novel anti-
mycotic agents and compound 2were resolved on a semi-
preparative scale by using Chiralcel OD and Chiralcel OJ
as CSPs.

Table 3 summarises the chromatographic operating con-
ditions employed in the enantioseparation of 2, 4, and 7
on the mg-scale, and the chromatographic and polari-
metric data pertinent to each enantiomer that was col-
lected in a single fraction.

With a mixture of ethanol-DEA 0.1% as mobile phase,
resolutions of 10 mg of racemic compounds 2 and 7 on OJ
and OD CSPs, respectively, and 20 mg of 4, on OD CSP,
were achieved within 20 minutes. Enantiomeric excess
(e.e.) values ranging from 94.73% to A 99.00% and yields
80%were obtained.

Polarimetric analysis indicated that the first eluted enan-
tiomer of compound 4 on the OD CSP rotated polarised
light in the positive direction in ethanol solution at 589 nm
(½a�23D = +10). A reversal of sign of the specific rotation was
observed for the first eluted enantiomer of compound 7 on
the OD CSP, in the same experimental conditions
(½a�23D = –32). The less and more retained enantiomers of
Miconazole on OJ CSP were dextrorotatory and levorota-
tory, respectively (Table 3).

3.3 Circular dichroism spectra of enantiomers of
1, 2, 4, and 7

The stereochemical assignment may be empirically sup-
ported by comparing the off-line CD spectra of enantio-
mers of unknown configuration with those of a structurally
related compound of known configuration. As reported in
Figure 3, the CD spectrum of (+)-(S)-enantiomer of Mico-
nazole [21] showed an intense positive Cotton effect at
230 nm, a broad and weak positive band at around
270 nm CD, and a negative band near 236 nm. For the
corresponding (–)-(R)-2 enantiomer the CD spectrum
was inverted, as expected. The CD spectra of (–)-enan-
tiomer of 4 exhibited a shape strictly correlated to that of
the (+)-(S)-2 stereoisomer in the spectral range of 225–
250 nm, but a very broad and slightly negative band in the
range of 250–300 nm. Based on a comparison with the
reference CD spectra of enantiomers of 2 of known abso-
lute configuration, the (S)-configuration was assigned to
the (–)-4 enantiomer.

A direct correlation CD/absolute configuration was not
possible for the compound 7 due to the different chromo-
phores contributing to the CD spectra with respect to the
reference compound 2. In the same way, Fluoxetine was
also ineffective as reference for the empirical stereoche-
mical assignment of absolute configuration of 7.

3.4 Elution order

Enantiomer elution order is an important topic in analytical
as well as in preparative scale chiral HPLC. Although it is
difficult to control the enantiomer elution order on CSPs if
no enantiopure reference compound is available, different
ways of achieving this aim have proved to be effec-
tive [31–32]. Chiroptical detectors in combination with a
conventional UV detector offer significant advantages in
this particular study. In the present work, the elution order
of the enantiomers of compounds 1–10 was established
by using a CD detector operating on-line at 280 nm.

On going from OD to OJ CSP, all chiral analytes with the
exception of 8 exhibited inversion of their enantiomer elu-
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Table 3. Chromatographic, quantitative, and polarimetric analysis of the first fraction F1 and second fraction F2 recovered during
the enantioseparation of Miconazole (2), and Fluoxetine derivatives 4 and 7.

Compound SRa) Yield [%] F1 e.e [%] ½a�23D Yield [%] F2 e.e. [%] ½a�23D
2 10 90 A99.0 + 60

(c = 0.4, EtOH)
80 98.9 –59

(c = 0.4, EtOH)

4 20 70 95.0 + 10
(c = 0.1, EtOH)

80 98.0 –12
(c = 0.1, EtOH)

7 10 90 A99.0 –32
(c = 0.4, EtOH)

85 A99.0 + 37
(c = 0.4, EtOH)

Experimental conditions used for semipreparative enantioseparations: Columns: Chiralcel OJ (2) and Chiralcel OD (4 and 7)
250610 mm ID; Mobile phase: ethanol + 0.1% DEA (D); Flow rate: 2 mL/min; Wavelength of UV detector: 310 nm (2 and 4) and
300 nm (7); Temperature: 258C (2 and 7) and 358C (4); SRa): semipreparative run: mg.
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tion order. For example, as reported in Figure 2, the sign
of CD at 280 nm of the first eluted enantiomer of com-
pound 6 was negative on using the OJ/ethanol experi-
mental combination, whereas it was positive with the OD/
ethanol combination. These results suggest that a change
in the enantiorecognition process, on transition from the
carbamate-type OD CSP to the ester type OJ CSP, must
take place for the aforementioned compound. The alter-
native active sites of selectors, ester or carbamate moi-
eties, 4-methylphenyl or 3,5-dimethylphenyl groups, may
interact in different ways with analytes and dramatically
affect the enantiorecognition properties of the two poly-
saccharide-based CSP. In addition, the findings of this
study confirm that, in some circumstances, the elution
order of an enantiomeric pair may be reversed by chang-
ing the nature of the chiral stationary phase [33].

At the same time, on-line CD measurements are ineffec-
tive for comparing the elution order of enantiomers of
different chiral analytes on the same CSP. In fact, the
different on line-CD signs of two analytes can be due to a
different contribution of functional groups to CD spectra or
to a change of the elution order induced by an altered
chiral recognition mechanism. On analysing the off-line
CD spectra of compounds 2 and 4 in the 250–300 nm
range (Figure 3), it was clear that the apparent inversion
of elution order established by on-line CD-sign at 280 nm
for the first eluted enantiomer (positive for (+)-(S)-2 and
negative for (–)-(S)-4, Table 1) was only due to an inver-
sion of Cotton-effect. The same apparent inversion of elu-
tion order was also observed for Fluoxetine and Micona-
zole (compounds 1 and 2) on ODCSP (Table 2).

The elution order of compounds 4 and 7 isolated on a
semipreparative scale was checked by employing the sin-
gle enantiomers and a detector based on on-line optical
rotation measurements. Because of low optical activity of
the analytes investigated (Table 3), an amount of about
1 mg of each enantiomer in ethanol solution was injected
during chiral HPLC. As reported in Figure 4, analytes 4
and 7 exhibited opposite enantiomer elution order on OD
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Figure 3. Circular dichroism (CD)
spectra of the enantiomers of the
compounds 1, 2, 4, and 7 in ethanol
at 258C. Dashed and solid traces cor-
respond respectively to the first and
second eluted enantiomer on OD
and OJ CSPs.

Figure 4. Polarimetric chromatograms of the enantiomers of
4 (top) and 7 (bottom). Top: Columns: Chiralcel OD (a) and
Chiralcel OJ (c); eluent: ethanol; flow rate: 1 mL/min (a) and
0.4 mL/min (c); temperature: 258C. Bottom: Column: Chiral-
cel OD (b) and Chiralcel OJ (d); eluent: ethanol; flow rate:
1 mL/min (b) and 0.4 mL/min (d); temperature: 258C. Detec-
tion wavelength: 365 nm.
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and OJ CSPs using ethanol as eluent. The carbamate-
type OD CSP showed preferential retention of the (– )-4
and (+)-7 enantiomer. The opposite enantiomer elution
order was observed on OJ CSP. Thus, by replacing the
chlorine atoms of the aryloxy portion of compound 4 by a
methyl substituent (compound 7), the specific rotation
value of the second eluting enantiomer on OD CSP
passed from –12 to +37 in ethanol (Table 3).

The reported example emphasizes how the deduction of
the elution order solely based on the sign of CD and opti-
cal rotation, especially in cases of low optical activity,
could lead to mistaken conclusions.

4 Concluding remarks
In this work the different enantioseparation capabilities of
two cellulose-based CSPs towards new compounds
endowed with antifungal activity has been demonstrated.
The chiral HPLC method conducted on a semipreparative
scale has been useful in characterizing the chiroptical
properties of some compounds. The results achieved in
this study can probably be used as a reference for other
work.
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